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We are reporting here on the inexpensive fabrication and optical properties of an iron(lll)
oxide—chromium(lll) oxide nanocomposite thin film of corundum crystal structure. Its novel and
unique-designed architecture consists of uniformed, well-defined and oriented nanorods of Hematite
(a-Fe,O4) of 50 nm in diameter and 500 nm in length and homogeneously distributed nonaggre-
gated monodisperse spherical nanoparticles of Eskolaite (a-Cr,O3) of 250 nm in diameter. This
a-Fe,0O;—a-Cr,O; nanocomposite thin film is obtained by growing, directly onto transparent poly-
crystalline conducting substrate, an oriented layer of hematite nanorods and growing subsequently,
the eskolaite layer. The synthesis is carried out by a template-free, low-temperature, multilayer thin
film coating process using aqueous solution of metal salts as precursors. Almost 100% of the light
is absorbed by the composite film between 300 and 525 nm and 40% at 800 nm which yields great
expectations as photoanode materials for photovoltaic cells and photocatalytic devices.
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Nanocomposite materials (i.e., consisting of more than
one nanophase) have been extensively studied over the
last decades and have been engineered from homogeneous
ceramics to thin film coatings for nanotechnology, and
industrial applications of such novel and functional mate-
rials are impending. An important topic of the research
and development of nanocomposite materials is the cru-
cial industrial, economical, and environmental issue of
corrosion! and corrosion resistance of metals and alloys.
Indeed, extended fundamental knowledge is required to
understand the relation between morphology, crystallinity
and composition of the compounds involved in the oxi-
dation and passivity of metals and alloys® in industrial
applications such as metallurgy and hydrometallurgy.

Iron—chromium oxide composites are important mate-
rials in corrosion science and have been under scrutiny to
study artificial passivation® of stainless steel and binary
alloys and their thin film dissolution processes.* Indeed,
the combination of these two oxides is of importance
for the fundamental understanding of corrosion reac-
tions, corrosion resistance, and metal passivity’ as well
as model system to probe and demonstrate the general
relation between structure, crystallinity, and composition
on the corrosion properties of transition metal oxide com-
posite thin films.® Indeed, the corrosion resistance in
acidic medium of Fe—Cr composite oxide films has been
shown to depend on the content of Cr in doped a-Fe,O,
(hematite) or of a-Cr,0O, (eskolaite) content or both in the
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composite film. The Cr3* ion is reported as very efficient
inhibitor of hematite dissolution.’

Besides the corrosion science studies, such composite
materials are extensively studied for their surface and cat-
alytic properties,®? like for instance the oxidation of CO
by O,. In addition, photoelectrochemical applications of
iron oxides and its mixed and composite materials are of
importance for the creation of novel and more efficient
anodes for photocatalytic!® and photovoltaic devices.!!
Indeed, improving the optical absorption properties as
well as electronic conductivity of such materials will rep-
resent a significant step for the quest of stable, reliable,
and cheap materials for sustainable renewable catalytic
systems as well as for energy conversion and storage
applications. Indeed, a significant improvement of the
light absorption profile and photoelectrochemical proper-
ties is expected due to combination of the red hematite
and the green eskolaite. The synthesis of a black Fe,O,—
Cr, 0, ceramic pigment has recently been reported.'?

Accordingly, developing novel physical and chemical
synthesis processing to design nanocomposite transition
metal oxide materials is of importance for fundamental
and applied research and of relevance for industrial appli-
cations. Hitherto, the synthesis of the Fe—Cr composite
oxide thin films was typically conducted in vacuum by
sputtering technique,®3'*!* and by metallorganic chem-
ical vapor deposition (MOCVD) on hot substrates from
acetylacetonate precursors.®!3

The purpose of this communication is to demonstrate
the ability to generate large arrays of well-designed
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a-Fe,0;—a-Cr,0; nanocomposite thin film materials on
polycrystalline transparent conducting oxide (TCO) sub-
strate or single crystalline sapphire at low cost, by a con-
trolled aqueous low-temperature thin film growth process.
Our synthetic approach to shape-up materials and cre-
ate novel and functional (purpose-built) devices is based
on a concept!® and an aqueous chemical growth process-
ing technique sustained by a thermodynamic model of
nucleation, growth, and aging control via the minimiza-
tion of the interfacial tension of the system.'”'!® Such
aqueous thin film growth processing method is applicable
to produce metal oxide thin films on various substrates
with more complex architecture for enhanced efficiency,
and novel or improved properties in view of creating a
new generation of smart and functional nanomaterials at
low costs.!® Such approach has been already successfully
applied to the design of large three-dimensional arrays of
crystalline and highly oriented hematite nanorods as well
as multiband-gap thin films.!” Their orientation and the
unique structural design®® where the nanorods diameter
is matching the minority carrier diffusion length resulted
in an incident photon-to-electron conversion efficiency
(IPCE) of 60% at 350 nm which led to the develop-
ment of the first iron oxide, sandwich-type, wet photo-
voltaic cell.?! In addition, three-dimensional highly ori-
ented hexagonal microrod-array of zincite ZnO?? have
been obtained on various types of substrates showing high
photoefficiency and excellent electron transport properties
in the UV range as studied by laser transient spectroscopy.
Recently, large arrays of aligned and highly oriented ZnO
microtubes?? have also been successfully produced by fol-
lowing the same concept and solution thin film processing
technique to demonstrate the ability to create, at low cost,
large arrays of well-ordered and highly porous micropar-
ticulate thin film materials for instance for chemical, gas,
and biosensors applications.

The thermodynamically stable crystal structure of
chromium(IlT) oxide and of iron(Ill) oxide is corun-
dum and occurs in nature as the mineral Eskolaite** and
Hematite,” respectively. These sesquioxides (M,0;) crys-
tallize in the rhombohedral (trigonal-hexagonal) crystal
system, space group R3c = D$,, and they are isostructural
with @-Al,O; (corundum), and V,O, (karelianite). The
lattice is built on a hexagonal close-packed (HCP) array
of oxygen with four of every six available octahedral sites
around O atoms occupied with the cation. The octahedral
and tetrahedral sites are above and below one another in a
HCP lattice, the tetrahedral sites remaining empty. Octa-
hedra are sharing faces along a threefold axis and are dis-
torted to trigonal antiprisms because of the cation—cation
repulsion occurring across one shared face and not the
others. This yields to very dense and very hard covalent
structures with a high oxygen packing index, resulting in
strongly colored materials of high polarizability and high
refractive index.

The synthesis procedure consists in growing the well-
ordered and oriented iron oxide nanorod layer onto trans-
parent conducting polycrystalline (or single crystalline)
substrates to study its optical and photoelectrochemical
properties. Subsequently, the chromium oxide layer is
grown onto the iron oxide layer to create the designed
nanocomposite thin film materials.

The growth of the three-dimensional array of crystalline
highly oriented hematite nanorod bundles was conducted
according to Ref. 19. The synthesis was performed with
reagent grade chemicals. An aqueous solution (MilliQ,
18.2 M{Qcm) of 0.15 M of ferric chloride (FeCl; - 6H,0)
and 1 M of sodium nitrate (NaNO;) at pH 1.5 (set by
HCI) mixed in a glass bottle with autoclavable screw cap
(e.g., Duran laboratory) containing a polycrystalline TCO
substrate (e.g., F-SnO, Hartford Glass Inc.) or a single-
crystalline Al,O; substrate (sapphire) was heated in a lab-
oratory oven at a constant temperature of 95°C for 24 h.
Subsequently, the durable and scratch resistant thin films
are thoroughly washed with water to remove any resid-
val salts. A heat-treatment in air at 450°C for 1 h is
performed to obtain the pure thermodynamically stable
crystallographic phase of ferric oxide (i.e., hematite).

The synthesis consists of creating the nanocomposite
materials by heteroepitaxial growth of the corundum «-
Cr,0, layer directly onto the corundum a-Fe,O, nanorod
array. Whereas the two minerals are isomorphic, heteronu-
cleation is energetically more favorable (low-activation
energy barrier) than homogenous nucleation. The inter-
facial energy between the two solids is smaller than the
interfacial energy between the crystals and the solution,
and therefore heteronucleation of the chromium layer is
promoted and may take place at a lower saturation ratio
onto the iron oxide layer rather than in solution. The
same synthetic technique as previously described for the
hematite layer was used. A glass bottle with polypropy-
lene (PP) screw cap containing thin films of hematite
nanorod-array on TCO (or sapphire) and a 1 mM aqueous
solution (MilliQ) of chromium alum, KCr(SO,), - 12H, 0,
is heated at a constant temperature of 85 °C in a laboratory
oven for 24 h allowing for the hydrolysis-condensation
process of the [Cr(H,0),]*" ion and its subsequent nucle-
ation and growth process as eskolaite onto the hematite
thin film to occur. Afterwards, the thin films are thor-
oughly washed with (MilliQ) water to remove any resid-
ual salts. Subsequently, the thin films are heat-treated at a
constant temperature of 500 °C in an oven for 1 h to obtain
the stoichiometric and thermodynamically stable corun-
dum composite nanomaterials consisting of Hematite and
Eskolaite. The film thickness is typically of 0.7 um as
determined by profilometry (Tencor Alpha Step).

Figure 1 shows the field-emission gun scanning elec-
tron micrographs (LEO 1530 Gemini FEG-SEM) of
the nanocomposite material at various magnifications.
Monodisperse and nonaggregated spherical mesoparticles
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Fig. 1. Field-emission gun scanning electron micrographs (FEG-SEM)
of the a-Fe,0;—a-Cr,0; nanocomposite thin film consisted of hematite-
oriented nanorods and eskolaite spherical mesoparticles.

of Eskolaite of 250 nm in diameter are homogeneously
distributed in the oriented array of hematite nanorod bun-
dles of 50 nm in diameter (consisting of nanorods of 3 nm
in diameter'*?°) and about 500 nm in length. Full cover-
age of several tens of centimeter square scratch resistant
thin films (and potentially much larger with larger sub-
strate and container) is easily produced. A strong adhesion
of the chromium layer onto the iron layer is obtained as
well as the iron oxide layer onto the substrate because the
thin films are grown from molecular precursors directly
onto the substrate. In addition, the isostructural property
(corundum crystal structure) between the two transition
metal oxides contributes to the overall mechanical stabil-
ity of the nanocomposite.

The X-ray diffraction (XRD) pattern of a 700 nm thick
a-Fe,0,—a-Cr,0; nanocomposite thin film grown onto
conducting F-SnO, glass substrate was recorded on a
Siemens D-5000 diffractometer (Bragg—Brentano focus-
ing geometry). The pattern shows that the nanocompos-
ite is crystalline and the corundum structures of hematite
and eskolaite (Fig. 2) are clearly identified as well as
the diffraction peak of the substrate (fluorine-doped tin
oxide). The position of the diffraction peaks and corre-
sponding miller indices are found in accordance to JCPDS
38-1479 for eskolaite and 33-0664 for hematite.

The optical characterization of the nanocomposite thin
films was carried out in the UV-visible range on a 5240
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Fig. 2. Indexed XRD pattern (Cu K,) of a 0.7 um corundum a-Fe,O;—
a-Cr, 05 nanocomposite thin film recorded at a step of 0.05° (260) and
60 s per step. The * symbol denotes the substrate diffraction peaks
(F-Sn0,).

Beckman spectrophotometer equipped with an integrated
sphere. All measurements were performed on dry films,
in air and at room temperature. A tungsten lamp was
used as light source with a grating monochromator and a
photomultiplier detector. The optical data were recorded
at a scan speed of 2 nm per second and were corrected
from substrate effect. The data were processed according
to Ref. 26. The absorptance A was calculated according
to the following equation A =1—R — T, where R and
T are the total (diffuse + specular) reflectance and trans-
mittance, respectively (Fig. 3). The translucent brown thin
films showed a very strong absorptance, very close to 1
(100% of the light absorbed), in the range 300-525 nm
followed by a monotone linear decrease to 0.5 at 650 nm.
The absorptance slowly declined to 0.4 at 800 nm (40% of
the light absorbed) and did not reach zero, most probably
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Fig. 3. UV-visible optical characteristics: (a) absorptance, (b) total
reflectance, (c) total transmittance spectra of the «-Fe,0;—a-Cr,04
nanocomposite thin film and (d) absorptance spectrum of a-Fe,O,
nanorod thin film; grown on transparent conducting glass substrate.
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originating from multiple absorption phenomena within
the nanocomposite film or scattering at the film/substrate
interface. The total reflectance of the thin films remained
at a very low level (5%) within the whole range of wave-
length investigated revealing very low amount of light
scattering of the film.

As expected, the absorptance spectrum of the a-Fe,O,—
a-Cr, 05 nanocomposite is found to be significantly red-
shifted compared to bare a-Fe,O; thin films due to the
broad absorption (centered at 570 nm) of the a-Cr,O,
layer due to the d—d transitions from the d*® ion Cr’* in
octahedral symmetry (*A,, — “T,,). The absorption pro-
file of the composite film covers to a great extent the
visible solar spectrum yielding great expectations as pho-
toanode materials for photoelectrochemical applications
such as photovoltaic cells, water splitting and photocat-
alytic devices.

The in-depth study of the electronic structure of such
nanocomposite is currently under scrutiny at synchrotron
facilities by soft X-ray absorption and emission spec-
troscopies (XAS, XES) and its fine structure is investi-
gated by XANES/EXAFS to probe the relation between
its structural and electronic and optical properties.

The design and development of other transition (and
post-transition) metal oxide (wide band-gap semiconduc-
tor, magnetic and metallic conductor) nanocomposite thin
film materials and three-dimensional arrays based on
ZnO, Fe;0, and RuO, is currently under investigation by
low-temperature controlled aqueous chemical growth.
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